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The  impact  of  mine  spoil  on the  landscape  is signiﬁcant,  as  excavated  rock-debris  is  commonly  disposed
in  heaps  that  blanket  the original  land  surface.  Spoil  heaps  destroy  the  original  soil  habitat  releasing  soil-
bound  carbon,  which  is  difﬁcult  to  re-estate  when  mining  operations  cease  and  restoration  begins.  The
present  work  follows  the  development  of  vegetative  cover  on  a  coalmine  spoil  tip in  India  over  a  period  of
19  years  following  restoration.  The  potential  of  re-vegetated  the mine  spoil  to  imbibe carbon  is  examined
through  the development  of above-  and  below-ground  biomass  development.  It was observed  that  the  soil
organic  carbon  and  microbial  biomass  carbon  (MBC)  signiﬁcantly  increased  with  re-vegetation  age,  with
above  ground  biomass  increasing  by  23  times,  and  belowground  biomass  increased  by 26 times  during  the
period  of  study.  Soil  organic  carbon  and  MBC increased  by  4×  and  6.6×  times,  respectively.  The average
calculated  annual  carbon  budget  was  8.40  T/ha/year,  of  which  2.14  T/ha  was  allocated  to above  ground
biomass,  0.31  T/ha  to belowground  biomass,  2.88 T/ha  to litter  mass  and 1.35  T/ha  was  sequestered  intooot proliferation
arbon development and accretion
icrobial biomass C
arbon budget
the  soil.  This  work  has  shown  that  the  development  of biomass  following  the  restoration  of mine  spoil
was  signiﬁcant  and  that  considerable  quantities  of  carbon  were  stored  in  above  and  below  ground  plant
matter,  and  in  the soil  itself.  It is concluded  that appropriate  restoration  strategies  can  be  used  to  rapidly
establish  a viable,  healthy  and  sustainable  ecosystem  that  imbibes  carbon  into  former  mine-impacted
land.
©  2016  Elsevier  B.V.  All  rights  reserved.. Introduction
Effective global carbon management strategies are required to
itigate the effects of the emission of carbon to the atmosphere
405 ± 30 Pg carbon (C) over the past 200 years), and which arise
rom the burning of fossil fuels (75%) and changes in land use
25%) (IPCC, 2001). During the past 2 centuries these emissions
ave resulted in atmospheric CO2 concentrations rising from 280
o 400 ppm. An increase in global temperatures of 1.8–3.6% is pre-
icted over the 21st Century (Macdonald et al., 2011), despite 60%
f anthropogenic emissions being removed from the atmosphere
y ocean and terrestrial ecosystems (Canadell et al., 2007).
India is a major coal producer, with total coal production
from Coal India Limited) being 431 MT  for the year 2010–2011.
he amount of spoil generated by coal mining is signiﬁcant,
eing typically >2 to 3 times that of the coal produced itself.
pencast coal mining operations produced 252 MT  of spoil
lone during that year (Singh, 2011). Mining spoil is typically
umped in heaps, which signiﬁcantly degrade land quality and
∗ Corresponding author.
E-mail addresses: nymphaea7@gmail.com, rajcimfr@gmail.com (N. Tripathi).
ttp://dx.doi.org/10.1016/j.ecoleng.2016.01.019
925-8574/© 2016 Elsevier B.V. All rights reserved.disrupts/destroys existing ecosystems. Mining operations result
in drastic landscape perturbations that cause major ecosystem
damage, and irreparable impacts to former soil quality/nutrient
cycling capability (Anderson et al., 2004; Shrestha and Lal,
2006).
The natural recovery of these disturbed habitats (i.e. colo-
nization of the mine spoil) by plant and animal species extends
over long timescales (of decades/centuries), can be shortened if
the restoration of soil fertility and biological diversity can be
managed. However, reclamation can return mined land to a use-
ful (but not necessarily its original) state (Barnhisel and Hower,
1997; Bradshaw, 1997). As reclaimed mine soils are man-made or
anthropic soils (Lal, 2004), the introduction of a sustainable vege-
tative cover is the key to the reconstruction of an ecosystem, as the
development of soil ‘quality’ depends on an improvement of a soils
physical, chemical and biological characteristics (Bradshaw, 1997).
Carbon dioxide is removed from the atmosphere by above-
ground plant biomass, belowground root biomass and soil
organisms, and in stable forms of soil organic (SOC) and inorganic
(SIC) carbon, resulting in organic matter comprising 1–8% (w/w)  of
most soils. Because of this, the soils of the world store about 1600
Pg of carbon (Dakora and Phillips, 2000). The FAO (2001), estimates
that 125GT of carbon are exchanged annually between vegetation,
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oils and the atmosphere, with terrestrial sequestration accounting
or two-ﬁfths of the total exchange.
Therefore, if the re-vegetation of mine-spoil can be managed in
horter (than natural) timescales, increased biomass volumes will
nhance the storage of carbon.
The focus of the present work is a long-term study of re-
egetated mine spoil which extended over 19 years following
estoration by planting. The monitoring of key soil characteris-
ics and biomass during this time provides important data that
emonstrates the wider value of managed restoration of mine spoil
hrough the increase in the amount of carbon stored in plant and
ineral–carbon complexes.
. Study sites
The present study was performed (during 2009–2011) on re-
egetated mine spoil, between 2, 4, 10, 14, 16 and 19 years of age
t Northern Coalﬁelds Limited (NCL), Singrauli, India. The project
ite was located in Moher basin of Singrauli (between latitudes
4◦08′45′′ to 24◦11′25′′; longitudes 82◦38′21′′ to 82◦40′45′′) on the
astern border of Madhya Pradesh and Uttar Pradesh (Fig. 1). The
rea is undulating landscape with an elevation of 375 m to 500 m
bove MSL.
The area has an annual temperature ranging from 6.4 to 28 ◦C
nd an annual rainfall average of 1069 mm,  of which about 90%
ccurs during the late June to September monsoon. The predom-
nant geology is alternating sandstone and shale, with white and
rey clays with ferruginous bands, carbonaceous shale and coal
eams, providing for one of India’s largest coalmines, in terms of
otal excavations (Singh, 2010).
The NCL excavated about 770 MT  of coal using shovel and
umper and about 22 MT  of overburden between 1964 and 1965
ith an average stripping ratio of 2.89 m3/T. During 2005–2006 coal
roduction increased to 133.86 MT,  and to >250 MT by 2011–2012,
ith an average stripping ratio of 3.64 m3/T.
Before mining the study site was gently to moderately sloping
and, but the establishment of spoil heaps signiﬁcantly changed
elief by 20–30 m.  The dumps were 5 years of age in 1997 when
heir sides (with slopes of <35◦) were planted with: grass species
Stylohemata spp., Dinanath grass, Sawai grass) and tree species
Eucalyptus, Dalbergia sissoo,  Pongamia pinnata, Prosopis juliﬂora,
ilver oak, Terminalia chebula, Terminalia bellerica, Schizygium of study site.
jambolana,  Azadirachta indica,  Emblica ofﬁcinalis, Cassia samea,
Leucena leucocephala, Acacia catechu, Shorea robusta, Bamboo, Pithe-
colobium dulce, Madhuca indica,  Ficus religiosa, Ficus bengalensis,
Bauhinia variegata, Delonix regia, Cassia ﬁstula,  Gmelina arborea, Pel-
topherum enormii).
3. Materials and methods
3.1. Physical and chemical characteristics
Mine spoil samples from the re-vegetated tips were collected
(using a randomized block design) at different times and were
characterized for, for example, pH, Moisture, bulk density, water
holding capacity, total nitrogen, total phosphorus and organic car-
bon.
Five soil samples were collected at each of the three replicate
plots at three depths (upper 0–10, 10–20 and 20–30 cm). Large
pieces of plant material were removed by hand and the samples
were composited to get one sample per plot. Each sample was
sub-divided into two, with one (in its ﬁeld-moist condition) used
for determining moisture, available N, available P, and microbial
biomass C, and the other (air-dried) used for physical/chemical
analysis.
Soil pH (soil: water ratio = 1:2) was estimated by ORION ion ana-
lyzer. Bulk density and water holding capacity were determined
following Piper (1994). Organic C of soil was  determined following
Walkley Black’s method and total N by modiﬁed Kjeldahl method
(Jackson, 1958). Soil organic matter (SOM) was  calculated by mul-
tiplying the percent organic C by a factor of 1.72 following the
standard practice that organic matter is composed of 58% carbon
(Brady, 1985). For the determination of total P, the perchloric acid
digestion method was followed (Mehta et al., 1954).
3.2. Microbial biomass C
Microbial biomass C in soil sample was determined using the
CHCl3 fumigation-incubation method of Jenkinson and Powlson
(1976), except that liquid CHCl3 was  used instead of vapour and
CO2-C evolved from fumigated soil during 10–20 days was  taken
as control (Srivastava and Singh, 1988). Microbial C was calculated
as: Microbial C = Fc/0.45.
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Table  1
Key characteristics of re-vegetated mine spoil soils.
Sites Age of re-vegetated mine spoils (years)
Parameters 02 04 10 14 16 19
pH 6.90 6.80 6 6.10 6.20 6.00
Sand  (%) 80 78.0 75.0 74.5 77.0 75.0
Silt  (%) 10.8 12.8 15.6 15.9 13.4 15.0
Clay  (%) 9.2 9.2 9.4 9.6 9.6 10.0
BD  (g/cm3) 1.60 1.65 1.58 1.52 1.52 1.48
WHC  (%) 18 0.77 0.95 1.07 25.4 26.5
SOC  (kg/ha) 3200 19.5 20.5 22.6 11,400 12,728
TN  (kg/ha) 160 0.45 0.55 0.62 501.6 503.2
TP  (kg/ha) 128 247.5 379.2 425.6 167.2 207.2
860.
3
p
w
m
m
F
l
d
w
B
t
t
c
s
(
3
ﬁ
B
(
T
KMBC  (kg/ha) 156.8 189.75
.3. Plant biomass
Above ground plant biomass was measured by harvesting ﬁve
lants of each species at ground level and an empirical equation
as developed with reference to diameter and height. The litter
asses in re-vegetated mine spoils of both the study sites were
easured in randomly placed ﬁve 1 m × 1 m quadrates per sites.
or belowground biomass (live + dead roots) ﬁve replicate mono-
iths of 25 cm × 25 cm × 10 cm followed by >10–20 cm,  >20–30 cm
epths size were sampled. The monoliths from all three depths
ere washed with a ﬁne jet of water using a 0.5 mm mesh screen.
oth above- and below-ground samples were oven dried at 80 ◦C
ill the constant weight.
Quantiﬁcation of aboveground biomass was done in May  (at
he time when the litter layer on the ground was maximum). The
anopy biomass and belowground biomass of re-vegetated mine
poils of different age were measured in the months of September
at the time of peak biomass) (Srivastava and Singh, 1991).
.4. Carbon sequestration and budgetCarbon sequestration in re-vegetated mine spoils was quanti-
ed by following the methods described by Atjay et al. (1979),
rown and Lugo (1982), Cannell and Milne (1995), Dixon et al.
1994) and Shrestha and Lal (2006). CO2 equivalent was  calculated
able 2
ey characteristics of re-vegetated mine spoil soils.
Sites Age of re-vegetated mine 
Parameters 02 04 
BD (g/cm3) 0–10 cm 1.60 1.65 
10–20  cm 1.68 1.72 
20–30  cm 1.72 1.78 
SOM  (kg/ha) 0–10 cm 5516 12,800
10–20  cm 3475.6 6820 
20–30  cm 2372 3989 
SOC  (kg/ha) 0–10 cm 3200 7425 
10–20  cm 2016 3956 
20–30  cm 1376 2314 
TN  (kg/ha) 0–10 cm 160 247.5 
10–20  cm 100.8 137.6 
20–30  cm 51.6 53.4 
TP  (kg/ha) 0–10 cm 128 132 
10–20  cm 84 70.52 
20–30  cm 17.2 40.94 
MBC  (kg/ha) 0–10 cm 156.8 189.75
10–20  cm 70.56 104.6 
20–30  cm 37.84 49.66 32 939.8 943.58 1039.68
assuming 1 T carbon = 3.66 TCO2 equivalent (https://conference.
ifas.uﬂ.edu/citrus10/./1610%20Spreen.pdf).
3.5. Statistical analysis
The statistical analyses (analysis of variance, least signiﬁcant
difference) of the mean values of the re-vegetated mine spoil data
were done following Snedecor and Cochran (1989) and SPSS (1997).
4. Results and discussion
4.1. Physico-chemical characterization
The key characteristics of mine spoil soils are given from
Tables 1 and 2.
The spoils have shown a change in soil pH from 2 to 19 years,
with a reduced acidity of 13%. The texture of the soils also changed
between 2 and 19 years (after re-planting), with a decline in sand
content of 6% and an increase in silt and clay contents of 39 and
9%, respectively. Soil bulk density was  declined by nearly 8%, while
the water holding capacity increased 47% following re-vegetation.
There was  an increase in total nitrogen and total phosphorus
contents by 214% (3.14 times) and 62%, respectively. An increase in
BD and a decrease in SOC, SOM, TN, TP and MBC  across increasing
depth of soil were observed.
spoils (years)
10 14 16 19
1.58 1.52 1.52 1.48
1.67 1.61 1.64 1.57
1.71 1.65 1.68 1.62
 14,981 17,388 19,653 21,943
8349 10,269 8764 11,368
4717 4835 4344 6144
8690 9982 11,400 12,728
4843 5957 5084 6594
2736 2805 2520 3564
379.2 425.6 501.6 503
233.8 112 131 141
102.6 132 67 81
142 167 167 207
76.82 80.5 98 109
42.75 42.9 33.6 38.88
 860.32 939.8 943.58 1039
401.8 420.76 502.67 614.21
210 213.84 250.17 307.89
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The growth of plants was  measured by recording the variation
in the mean girth, diameter, height, wood density and biomass of
plant species in at the study sites along with re-vegetation age of
19 years are shown in Table 3.
T
VN. Tripathi et al. / Ecologica
There was  an increase in bulk density between 2 and 19 years
t 0–10 to 10–20 and 20–30 cm depth by 5 to 8% and 6 to 10%. The
N declined across soil depth from 37 to 68% and 72–84%, and TP
y 34–87% and 47–81%, respectively.
The nature of the soils has an important affect on the amount
f carbon it holds. Rice (2002, http://www.geotimes.org/jan02/
eaturecarbon.html) reported that soil water content is an impor-
ant factor in this respect, as optimal microbial activity occurs at
r near ﬁeld capacity (the maximum amount of water that soil
an hold against gravity). As soil becomes waterlogged, decompo-
ition slows and becomes less complete. Decomposition also slows
s soils dry.
Soil texture is also important as silt and clay can promote the
ormation of organic-mineral complexes. The close relationship
etween soil structure and soil organic carbon (Han et al., 2010)
nvolves two processes: (1) organic carbon chemically bonds to clay
urfaces, which slows degradation as clays with high adsorption
apacities (e.g. montmorillonite) retain the organic molecules, and
2) soils with higher clay contents have potential to form aggre-
ates, which trap organic carbon and physically protect it from
icrobial degradation (Bolan et al., 2012; Rice, 2002, http://www.
eotimes.org/jan02/featuree carbon.html).
The bulk density of a soil can be used to calculate the total quan-
ities of carbon sequestered at a particular time and soil depth.
rull et al. (2001) stated that almost all organic carbon in soil is
ocated in the pores between mineral particles, either as discrete
articles or as molecules adsorbed onto the mineral surfaces. Soil
rchitecture inﬂuences the biological stability of organic materi-
ls by inﬂuencing water and oxygen availability, the entrapment
nd isolation from decomposers, and through the dynamics of soil
ggregation.
In the present study, bulk density was found to show an inverse
elation with organic carbon and microbial biomass C (Figs. 2 and 3).
he equations are:Organic carbon (kg/ha) = −61.918 bulk density
+ 123.6 (R2 = 0.5932)
able 3
ariations of mean girth, diameter, height, wood density and biomass of plant species in 
Sl. no. Age (years) Attributes Tree Under story Litter
1
2
Biomass 2.48 – 0.5
2  C Seq (t/ha) 1.24 – 0.2
3  CO2 E (t/ha) 4.55 – 1.0
4
4
Biomass 7.67 – 1.8
5  C Seq (t/ha) 3.84 – 0.9
6  CO2 E (t/ha) 14.07 – 3.3
7
10
Biomass 20.85 3.39 3.0
8  C Seq (t/ha) 10.43 1.70 1.5
9  CO2 E (t/ha) 38.23 6.22 5.6
10
14
Biomass 36.40 5.38 4.2
11  C Seq (t/ha) 18.20 2.69 2.1
12  CO2 E (t/ha) 66.72 9.86 7.8
13
16
Biomass 44.19 6.80 4.8
14  C Seq (t/ha) 22.09 3.40 2.4
15  CO2 E (t/ha) 81.01 12.47 8.8
16
19
Biomass 63.13 9.75 5.6
17  C Seq (t/ha) 31.57 4.88 2.8
18  CO2 E (t/ha) 115.74 17.88 10.2Fig. 2. Relation between bulk density and soil organic C.
Microbial biomass C (kg/ha) = −10.389 bulk density
+ 17.408 (R2 = 0.8036)
4.2. Plant biomassFig. 3. Relation between bulk density and microbial biomass C.
re-vegetated mine spoils.
 mass Above ground
biomass (g/cm2)
Below ground
biomass (g/cm2)
Total biomass
(g/cm2)
6 3.04 0.45 3.50
8 1.52 0.23 1.75
3 5.58 0.83 6.41
2 9.49 1.42 10.91
1 4.75 0.71 5.45
4 17.41 2.60 20.0
9 27.33 3.96 31.30
5 13.68 1.98 15.65
7 50.12 7.27 57.38
9 46.07 5.85 51.91
5 23.04 2.92 25.96
7 84.45 10.72 95.18
0 55.79 7.43 63.22
0 27.89 3.72 31.61
0 102.28 13.63 115.91
0 78.48 10.57 89.05
0 39.25 5.28 44.52
7 143.89 19.37 163.26
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Fig. 4. Relation between organic carbon and belowground biomass.
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Plant biomass increased aboveground, belowground and in total
y 2481% (26 times), 2248% (23 times) and 2444% (25 times),
espectively between 2 and 19 years.
The increase in below ground biomass with time may  be due to
ncrease in leaf litter fall and its decomposition, higher root turn
ver leading to increased organic matter. Rhoades (2001) hypoth-
sized that increasing spoil depth will enhance rooting volume
nd total ﬁnes, thereby increasing above- and below-ground pro-
uction. They also proposed that the spoil source chemistry and
utrient availability might also alter the above- and below-ground
roduction.
In disturbed habitats, the natural recovery of plant and animal
pecies is slow. However, afforestation with the use, of amend-
ents, takes less time to establish a native forest ecosystem.
lantations can reverse degradation by stabilizing soils through
evelopment of extensive root systems. Tripathi and Singh (2008)
eported that re-vegetated mine spoils have the potential to restore
oth soil microbial biomass and plant biomass.
The age of re-vegetated mine spoil is very important, as the
ncrease in plant biomass, organic matter and, MBC  along with
ime to maturity can yield woody trees with a carbon sequestration
otential compared to the young trees and herb or shrub species.
The SOC arising from woody vegetation is also more recalcitrant
han that from herbaceous vegetation (due to its higher concentra-
ion of aliphatic root suberin, waxes, glycerides, lignin and tannins)
Filley et al., 2008). Dean et al. (2012) reported 95% higher C levels
n woody trees when compared to herbaceous plants, due to their
eeper roots.
Below ground biomass provides a direct input of organic matter
nd mineral nutrients in soil through exudation and upon mortality
Tripathi and Singh, 2009). Below ground biomass was also found
o be positively correlated (R2 = 8576, P < 0.05) with the soil organic
 in all sites (Fig. 4). The regression equation is:
Below ground biomass (g m−2) = 9.4402
+ 1.3679 soil organic (Ct/ha) (R2 = 0.8576)
.3. Soil organic carbon
The values of soil organic carbon (SOC) and soil organic matter
SOM) contents in re-vegetated mine spoils are shown in Table 2.
An increase in organic carbon content of soil by 298% (4 times)
ccurred along the re-vegetation age gradient. With increasing
epth from 0–10 to 10–20 and 20–30 cm,  there was a decline in
oil organic carbon content of 37 to 57% and 48 to 74%, from 0–10
o 10–20 and to 20–30 cm depths, respectively.
Increasing a soils organic matter also increases the thickness of
 soil as organic matter has a density around one quarter that of
he mineral soil. An increase in organic matter therefore usually is
ccompanied by a reduction of a soils bulk density (Tunstall, 2010;
ww.eric.com.au).
The nature of various organo-mineral associations and their
ocation and distribution within soil aggregates determine the
xtent of physical protection and chemical stabilization of SOC
Gjisman and Sanze, 1998). Clay sized organo-mineral complexes
able 4
icrobial biomass C in re-vegetated mine spoils.
Sites Age of re-vegetated mine 
Parameters 02 04 
MBC  (kg/ha) 0–10 cm 156.8 189.7
10–20  cm 70.56 104.6
20–30  cm 37.84 49.6Fig. 5. Relation between belowground biomass and microbial biomass C.
often show greater accumulations and subsequently more rapid
loss rates than in silt sized particles, indicating a higher stability
of silt-SOC (Christensen, 1996). The same mechanisms also play
major roles in the stabilization and retention of SOC in mine soil.
Schlesinger (1990) documented long-term rates of carbon storage
from 0.2 g C m−2 year−1 in some polar deserts to C m−2 year−1 over
all ecosystems (Post and Kwon, 2000).
4.4. Microbial biomass C
The values recorded for soil microbial biomass carbon (MBC) in
re-vegetated mine spoils are shown in Table 4.
Microbial biomass C was found in the range 157–1040 kg/ha,
showing an increase by 563% (6.6 times) along an age gradient.
MBC  has shown a decline of 55–76% and 55–77% with increasing
depth of soil from 0–10 cm to 10–20 and 20–30 cm,  respectively.
Plant–microbe interaction and C, N cycles also play a major role
in soil carbon sequestration (Macdonald et al., 2011). Plants provide
C for microbial activity and soil C sequestration through rhizo-
deposition and litter fall, while microbial activities directly affect
SOC concentrations and indirectly inﬂuence plant C accumulation
through its control over the N cycle.Soil microbial processes strongly regulate ecosystem net pri-
mary production (Cleveland et al., 2006). Most of the nutrient
requirements of plants are met  by the mineralization of soil organic
nutrients by the microbial community (Paul and Clark, 1996). The
spoils (years)
10 14 16 19
5 860.32 939.8 943.58 1039.7
 401.8 420.76 502.67 614.21
6 210 213.84 250.17 307.89
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ontribution of soil microbial biomass to carbon cycling, however,
s seriously underestimated and its turnover poorly understood.
icrobial biomass is the most important parameter used to char-
cterize biological soil processes, because it is ‘a primary catalyst of
iogeochemical processes as well as an energy and nutrient reser-
oir’ (Kutsch et al., 2010). It has been used, although to a much lesser
xtent, as a measure for the carbon turnover potential of soils, and
s microbes have a high tolerance towards stress conditions (as
ound in mine impacted soils) they are well equipped to survive
nd remain active enhancing recovery, unless that is the stress is
o great that it is lethal or forces dormancy (Farrar and Reboli, 1999;
uzina et al., 2004).
Microbial biomass, while a small portion of SOC, mediates the
ransfer of SOC among inputs, low fraction organic carbon and
rgano-mineral high fraction organic carbon. As a result, rates of
ransfer and transformation are inﬂuenced by biologically impor-
ant factors including soil moisture and soil temperature (Post and
won, 2000).
In the present study microbial C was positively related to
he belowground biomass and total plant biomass (P < 0.05)
Figs. 5 and 6).
able 5
arbon storage as CO2 equivalent in soil.
Study sites Total
aboveground
biomass (T/ha)
C seq (T/ha)
(A)
Root
biomass
(T/ha)
C
(
NCL Jayant 2 years 3.04 1.52 0.45 0
4  years 9.49 4.75 1.42 0
10  years 27.33 13.68 3.96 1
14  years 46.07 23.04 5.85 2
16  years 55.79 27.89 7.43 3
19  years 78.48 39.25 10.57 5
able 6
arbon storage in reclaimed mine soil.
Land use Depth (cm) Period (years) 
Grass 0–15 11 
0–15 25 
0–15 47 
–  –45 
Forest 0–15 14 
0–15 21 
– – 
0–10 40 
Re-vegetated mine wasteland 0–30 19 eering 90 (2016) 482–490 487
Microbial C (kg/ha) = 0.3419
+ 0.1772 belowground biomass (g m−2) (R2 = 0.8584)
Microbial C (kg/ha) = 0.36
+ 0.0206 total biomass (g m−2) (R2 = 0.856)
4.5. Carbon budget in re-vegetated mine spoils
The total carbon contents for the soils are shown in Table 5.
The carbon content was considered to be about 50% of the
amount of total biomass present, both above and below ground.
The biomass, soil organic carbon and soils microbial biomass
carbon was found to be in the range of 1.52–39.25, 0.23–5.28,
6.6–22.9,0.265–1.961 T/ha, respectively.
The re-vegetated mine spoils showed increased biomass carbon
content by 2444% (25 times) along an age gradient. The maxi-
mum  total carbon sequestration in all the components viz. biomass,
soil and microbial biomass to 19 years was 69.39 T/ha compris-
ing: total plant biomass, soil organic carbon and soil microbial
biomass of 44.52 T/ha, 22.9 T/ha and 1.961 T/ha, respectively. The
total sequestered carbon increased by 705% directly due to the
increase in plant biomass.
These ﬁndings clearly indicated that the re-vegetation process
substantial enhances the amount of carbon stored by plants, with
carbon transfer being facilitated by leaf litter, root decay and root
exudates (Tripathi et al., 2014). Similar observations by Akala and
Lal (2000) showed reclaimed mine soil can sequester SOC up to
30 Mg  C ha−1 over a 25-year period (Table 6).
The ﬁndings of this study also show that the CO2 equivalent
removed from the atmosphere into biomass (and thus, seques-
trated into the soil) can be budgeted following re-vegetation. The
carbon budget for different ecosystems is shown in Table 7. Fig. 7
shows a schematic of the process of reclaiming mine spoil.
 seq (T/ha)
B)
Organic C
(T/ha) (C)
MBC  (T/ha)
(D)
Total C seq
(T/ha)
(A + B + C + D)
CO2 E
(T/ha)
.23 6.6 0.265 8.615 31.61
.71 13.7 0.344 19.504 71.58
.98 16.3 1.472 33.432 122.69
.92 18.74 1.574 46.274 169.82
.72 19.00 1.69 52.31 191.96
.28 22.9 1.961 69.391 254.66
Rate of C sequestration
(Mg  ha−1 year−1)
Reference
3.1 Akala and Lal (2000)
0.5–3.1 Akala and Lal (2001)
0.53 Shukla and Lal (unpublished)
0.13 Wali (1999)
2.6 Akala and Lal (2000)
0.7–2.3 Akala and Lal (2001)
4.0 Burger (2004)
0.58 Sourkova et al. (2005)
3.57 Present study
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Table  7
Carbon budgets for grassland, forest and agricultural ecosystems.
Type of ecosystem Location Method of budget
estimation
C budget1 (g C m−2 year−1) References
Grassland ecosystem
Grassland ecosystem (Miscanthus sinensis) Nagano, Japan Ecological method −100 to −56 Yazaki et al. (2004)
Pasture New Zealand Mass balance and
modelling
−414 Tate et al. (2000)
Grassland Cork, Ireland Eddy covariance +236 Leahy et al. (2004)
Grass (200 kg N ha−1) Uppsala, Sweden Ecological method +140 Paustin et al. (1990)
Tall-grass prairie
Texas, USA Bowen ratio/energy
balance
+50 to +80 Dugas et al. (1999)
Oklahoma, USA Eddy covariance −8 Suyker and Verma (2001)
Wisconsin, USA Difference method2 −410 to +70 Brye et al. (2002)
Mixed-grass prairie North Dakota, USA Bowen ratio/energy
balance (soil ﬂux)
+31 Frank and Dugas (2001)
Moist-mixed prairie Alberta, Canada Eddy covariance −18 to + 21 Flanagan et al. (2002)
Meadow Moscow, Russia Ecological method +387 Larionova et al. (1998)
Forest ecosystem
Aspen-lime-birch Moscow, Russia Ecological method +135 Larionova et al. (1998)
Scots pine forest, 40 y old (Pinus sylvestris) Southern Finland Eddy covariance +228 Kolari et al. (2004)
French pine forest (Pinus pinaster) Les Landes, France Eddy covariance −200 to −340 Kowalski et al. (2003)
Boreal and temperate forest of Ontario Ontario, Canada Model: CBM-CFS2 −40 Liu et al. (2006)
Ontario’s forest ecosystem Ontario, Canada Model: CBM-CFS2 −43 Peng et al. (2000)
Indigenous forest New Zealand Mass balance and
modelling
−136 Tate et al. (2000)
Agricultural ecosystem
Mix  agricultural crops Denmark Eddy covariance −31 Soegaard et al. (2003)
Barley – no fertilizer Uppsala, Sweden Difference method2 −20 Paustin et al. (1990)
– 120 kg N Uppsala, Sweden Difference method2 +10 Paustin et al. (1990)
Corn – continuous Ohio, USA Cropland ecosystem
model C (CEM)
+26 Evrendilek and Wali (2004)
– chisel plowed, fertilized Wisconsin, USA Difference method2 −90 to +590 Brye et al. (2002)
– no till, fertilized Wisconsin, USA Difference method2 −210 to +430 Brye et al. (2002)
No till corn – soybean North Central USA Eddy covariance +90 Hollinger et al. (2005)
Re-vegetated mine waste land Dry tropical ecosystems, India Ecological method 354.79 Present Study
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. Conclusions
The re-vegetation of mine spoil/overburden can return land to
 useful state. The reconstruction of a soil depends on the intro-
uction of vegetation, which over time will improve soil physical,
hemical and biological properties, which promote the recovery of
cosystem function that can thrive and be sustainable. The con-
equential sequestration of carbon in re-vegetated mine spoil is
igniﬁcant as SOC persists over long periods.
The results of the present study clearly indicate that mine spoil
an act as a signiﬁcant sink for atmospheric carbon dioxide (CO2),
nd that careful management of the rejuvenation process could
e used as a means to maximize the carbon locked in soil. Poten-
ial to use the carbon budget as an offset against the emissions oflaiming mine spoil.
the mining activity itself exists. Future studies should be directed
at coordinated restoration of mine spoil to speciﬁcally enhance
the amount of SOC produced, including the use of, for example,
amendments such as mulch and biochar.
There are many factors that determine the direction and rate of
change in SOC content in re-vegetated soil. In mine spoils, the SOC
can be increased directly from organic matter, but its rate of decom-
position at depth is important. The nature of organic matter input,
its placement (deeper or shallower), its mixing with soil organ-
isms, and the consequent enhancement of physical protection via
intra-aggregate or organo-mineral complexes are important vari-
ables. The conditions that favour these processes can be generated
in the mine spoils through re-vegetation as can be seen in this
work.
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One management strategy is ecological restoration by increas-
ng the establishment of native species, particularly with high
arbon stock in biomass and late successional species. Once the
eclamation plan is complete and vegetation has established, the
ssessment of the reclaimed site is necessary to evaluate the suc-
ess of reclamation.
The evaluation of carbon sequestration potential of re-vegetated
ine spoils along an age gradient can evince the reclamation
uccess, as it gives a clear picture of all the physico-chemical
haracteristics of soil and plant biomass. A long-term study on
roductivity of re-vegetated mine spoils is needed to identify sus-
ainable management options and evaluate the carbon budget over
 longer period of time.
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